Developing a method for secure sequestration of anthropogenic carbon dioxide in geological formations is one of our most pressing global scientific problems. Injection into deep-sea basalt formations provides unique and significant advantages over other potential geological storage options, including (i) vast reservoir capacities sufficient to accommodate centuries-long U.S. production of fossil fuel CO2 at locations within pipeline distances to populated areas and CO2 sources along the U.S. west coast; (ii) sufficiently closed water-rock circulation pathways for the chemical reaction of CO2 with basalt to produce stable and nontoxic (Ca 2؉ , Mg 2؉ , Fe 2؉ )CO3 infilling minerals, and (iii) significant risk reduction for post-injection leakage by geological, gravitational, and hydrate-trapping mechanisms. CO2 sequestration in established sediment-covered basalt aquifers on the Juan de Fuca plate offer promising locations to securely accommodate more than a century of future U.S. emissions, warranting energized scientific research, technological assessment, and economic evaluation to establish a viable pilot injection program in the future.
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climate change ͉ ocean crust ͉ climate mitigation ͉ fossil fuel emissions ͉ energy I n recent years, the debate over the most effective means to stabilize greenhouse gas concentrations in the atmosphere has not focused on a single solution but has endorsed multiple approaches to this global problem that require a variety of technologies (1) (2) (3) (4) . In its latest report on carbon capture and storage, the Intergovernmental Panel on Climate Change (5) noted that geological storage of industrial CO 2 emissions can contribute significantly to achieving a stable solution over the next several decades. Among geological storage techniques, CO 2 injection into deep saline aquifers, or its reinjection into depleted oil and gas reservoirs, has potentially large storage capacity and geographic ubiquity (6) (7) (8) (9) (10) . The effectiveness of these methods for CO 2 sequestration depends strongly on the reservoir capacity, retention time, stability, and risk for leakage (11, 12) . Gunter et al. (13) discuss two primary trapping mechanisms for CO 2 injected into an aquifer: physical trapping and geochemical trapping. The first involves low-permeability caprocks or stratigraphic seals that physically impede vertical migration of injected CO 2 to the surface. Sedimentary aquifers, such as depleted oil reservoirs, offer established reservoirs for physical trapping, but generally lack geochemical trapping potential. Geochemical trapping (13) , also known as mineral trapping, involves long-term reactions of CO 2 with host rocks and the formation of stable minerals such as carbonates under in situ conditions. In nature, mineral carbonization of host rocks occurs in a variety of well documented settings, such as hydrothermal alteration at volcanic springs (14) , through surface weathering (15) , and in deep ocean vent systems (16) . These processes are commonly associated with serpentinization in ultramafic and mafic rocks exposed to seawater, the breakdown of silicates into clays, and the precipitation of carbonates. Seifritz (17) initially proposed the concept that Mg 2ϩ and Ca 2ϩ silicates undergoing these processes would be particularly suitable for the stable disposal of CO 2 .
Deep-Sea Basalt and CO 2 Deep-sea basalt offers a unique environment for CO 2 sequestration that combines both vast volumes of seawater-filled pore space and Mg-Ca silicate rocks (18) . Within deep-sea basalt aquifers, the injected CO 2 mixes with seawater and reacts with basalt, both of which are rich in alkaline-earth elements. The release of Ca 2ϩ and Mg 2ϩ ions from basalt will form stable carbonate minerals as reaction products (19, 20) . Takahashi et al. (21) present a general geochemical model for mineral trapping in basalt. Recent laboratory experiments demonstrate the potential for rapid carbonate precipitation in fresh continental flood basalt (22) . Dissolution and precipitation reactions in deep-sea basalt can proceed in fluid-filled fractures and pores at rates equal to or greater than measured in the laboratory (22, 23) . Carbonate precipitation over time may alter in situ porosity and permeability within basalt aquifers, however, and thus progressively decrease the CO 2 -basalt reaction rate to a finite limit. Although natural weathering processes in deep-sea basalt precipitate pore-filling carbonates, fractured and permeable basalt crust extends for millions of years before its porosity has been appreciably filled (24) . Land-based experiments provide some insight into these effects, but estimating the in situ rates and accelerated effects, if any, of carbonate precipitation in basalt are difficult to predict without deep-sea CO 2 injection experiments. Matter et al. (25) conducted a small-scale injection experiment in mafic rocks to investigate the in situ rates of reaction. Two processes, mixing between the injected solution and aquifer water and the release of cations from water-rock dissolution, were found to neutralize the introduced carbonic acid within 200 h of injection (25) . Long residence periods for fluids in the ocean crust (e.g., Ͼ500 years) would therefore provide 10 4 -fold longer times for dissolution of basalt and release of Ca 2ϩ and Mg 2ϩ ions from the formation of carbonate minerals.
Important mechanisms for trapping CO 2 injected within deepsea basalt also include (i) blanketing deep-sea sediments, which form a low-permeability stratigraphic barrier impeding vertical fluid migration; (ii) the formation of CO 2 hydrate, which is denser and less soluble than liquid CO 2 in seawater Ͻ2°C (26); and (iii) gravitational trapping at water depths Ͼ2,700 m, where injected CO 2 is denser than typical seawater, causing it to sink (27) (28) (29) . All three of these mechanisms are simultaneously available within ocean crust, providing independent protective barriers that could safely isolate the oceans, benthic ecosystems, and the atmosphere from leakage of CO 2 escaping from deepsea basalt aquifers.
Juan de Fuca Plate
The extrusion of molten basalt at volcanic ridges into cold seawater forms rounded brittle pillow lavas, commonly having large voids between lobes and broken into fractured rubble (Fig.  1) . These formations are overlain by subsequent volcanism such as massive lavas, and then by deep-sea sediments. This creates buried high-permeability aquifers within the upper 500-600 m of the volcanic basement (30) . We propose that such layers are suitable reservoirs for CO 2 injection.
The eastern flanks of the Endeavor and Blanco segments of the Juan de Fuca ridge, situated within a few hundred kilometers In situ physical properties of basalt below the seafloor. Geophysical log profiles from 350 to 580 m below the seafloor at Site U1301 indicate massive flow layers (yellow) and fractured pillow lava intervals (white). Porosity profiles are computed by using in situ electrical resistivity, density, and neutron logs and established relationships for young ocean basalt (42, 43) ; black dots represent shipboard measurements on core samples (32) . In situ and core porosity estimates agree in massive flows, but differ in fractured zones because of the enlarged borehole diameter. Core and downhole data come from the Integrated Ocean Drilling Program database (http://www.iodp.org/).
of Vancouver Island, Oregon, and Washington, are known to contain highly fractured, channelized, and highly porous (10-15%) basalt basement that is widely blanketed by impermeable fine-grained turbidities and hemipelagic clay sediments (31) . From drilling studies, the basalts are known to comprise both pillow lavas and massive flows containing plagioclase, olivine, and clinopyroxene, with slight to moderate (5-25%) alteration minerals that fill veins (32) . Clays, mostly saponite, are identified in 98% of the veins, and calcite is present as vein-filling material as well. Recently drilled on the Juan de Fuca plate, Site U1301 illustrates the variability of porosity with depth in basalt basement as computed by using in situ geophysical logs (Fig. 2) . Measurements on recovered core samples do not reflect the fracture porosity and void space present within the basement. In Fig. 2 , we observe that the resistivity-derived porosity is most consistent with results from recovered core samples in massive flows (2-9%), and measures as high as 20% in pillow lavas and fractured zones. Neutron-and density-derived estimates are consistently lower within massive flows than in fractured intervals, but erroneously overestimate porosity because of the enlarged volume of the hole. These data indicate that massive flows are bounded by several 5-to 10-m-thick fractured intervals over 230 m of basalt basement. Fig. 3 illustrates a 2.7-m interval of pillow basalt at Site U1301, acquired by using an in situ circumferential microresistivity device where the hole conditions allowed for sufficient wall contact. Nodules of massive basalt, intact pillows, and flow layers are apparent in the image as resistive (bright) areas, whereas seawater-filled voids, fractures, and contacts are conductive (dark). Although core recovery over this interval was 34% and its depth can only be approximated to within Ϯ3 m, numerous core breaks, void spaces, and high-angle fractures observed in the core also reflect the fractured, porous, and asymmetric structure of basalt basement drilled at this site (Fig. 3 Left) . Interconnectivity of such basement fractures and porous structures would yield high bulk permeability values over wide areas; pilot injection and tracer permeability tests are needed to establish the extent of permeable basement in the ocean crust.
In situ basement temperatures of 62-64°C measured in adjoining drill holes across the Juan de Fuca plate are nearly isothermal, suggesting vigorous hydrothermal circulation (33) . Bulk permeability estimates in the shallow basement range from derived from pore water chemistry (35) . Recent cross-hole flow experiments in basalt basement estimate lateral bulk permeability to be 10 Ϫ12 m 2 , an order of magnitude lower than boreholescale packer tests, which has been attributed to permeability anisotropy within the upper basement (36) . Surface heat flow surveys identify a recharge site with depressed isotherms at a distant seamount on the Juan de Fuca plate, which implies a lateral bulk permeability of 10 Ϫ10 to 10 Ϫ12 m 2 in the basement along that flow path (37) . Based on coupled thermal modeling, high-permeability (Ϸ10 Ϫ9 to 10 Ϫ10 m 2 ) channels with lateral flow rates of up to 40 m/year match the observed thermal and flow regimes and require just one-sixth of the ocean crust to be permeable to 600 m thickness (35, 38) . Other drilling results have observed active 1-to 10-m-thick fluid aquifers within basalt basement, persisting to 600 m thickness (39, 40) . Fluid chemistry analyses indicate that the overlying sediments effectively seal hydrothermal flow within the basement and that the residence time for basement fluids is sufficiently long for them to chemically react with altered basalt (41) . Evidenced by these studies, in situ fluids circulate laterally within the ocean crust on the Juan de Fuca plate, react with vast volumes of basalt, and remain trapped below ocean sediment for long periods of time.
Potential Storage Volume CO 2 injected into deep-sea basalt is a supercritical fluid, and may be mixed with and dispersed into the aquifer through turbulent mixing processes and displacement of the aquifer fluid. Fluidrock chemical reactions will proceed rapidly on surfaces of fractured basalt and within pore spaces. For selected injection targets in basement reservoirs that exist below Ϸ2,700 m water depth and are covered by 200 m or more of sediment, both gravitational and stratigraphic trapping will occur as well as geochemical trapping. Fig. 4 illustrates the extent of the region on the Juan de Fuca plate that satisfies these bathymetric and sediment thickness constraints. We restrict the region to avoid natural fluid inflow/outflow areas within 20 km of seamounts, the Juan de Fuca ridge, the Cascadia trench, and the Blanco and Mendocino fracture zones. By using the high, model-constrained estimate of 40 m/year lateral flow rate in the shallow crust, this restriction sets a 500-year buffer around potential natural outflow zones on the Juan de Fuca plate to further protect against the possibility of long-term CO 2 leakage to the seafloor. We compute Ϸ78,000 km 2 in the region that meet these depth and geologic conditions. Assuming that a channel system dominates the permeability over one-sixth of the upper 600 m of basement (38) , we estimate that this area contains 7,800 km 3 of highly permeable basalt. Given an average channel porosity of 10% (33, 38) , we can calculate that 780 km 3 of potential pore volume will be available for CO 2 storage. If liquefied CO 2 is injected to fill this volume, and it remains in liquid form (CO 2 density Ϸ1 g/cm 3 , or 0.27 g C/cm 3 ), the total storage capacity for injected CO 2 in this area is 208 Gt of carbon. If all of the CO 2 becomes fixed as carbonate (CaCO 3 density Ϸ2.7 g/cm 3 , or 0.36 g C/cm 3 ), with complete acid neutralization reaction with basalt, this reservoir could hold Ϸ250 Gt of carbon. Increasing the sediment cover to Ն300 m thickness will decrease the area by 12% to 68,500 km 2 and the volume to 685 km 3 for this region. For example, at the current annual emission rate of 1.7 Gt of carbon per year by the United States (5), the basement on the Juan de Fuca plate alone would provide sufficient CO 2 sequestration capacity for 122-147 years, depending on whether all of the injected CO 2 converts to carbonate. Given its proximity to the U.S. west coast, however, a more realistic scenario may be to assess the Juan de Fuca reservoir as a sequestration option for CO 2 sources from western states, via pipeline transport. Of course, if this becomes technologically and economically feasible, the reservoir would fill over a considerably longer time than estimated for U.S. emissions from the entire country.
Discussion
The injection of CO 2 in deep-sea basalt offers critical advantages for sequestration that warrant pressing investigation. The injection of CO 2 into deep-sea basalt facilitates the formation of stable carbonates retarding the return of CO 2 to the atmosphere, provides sufficient depth for denser CO 2 liquid to sink, blocks upward migration of acidified basement fluids with an impermeable sediment cover, and forms stable hydrate if CO 2 accidentally escapes to shallower depths with cooler water temperatures. Further research for CO 2 sequestration in deep-sea basalt is essential and should aim toward a pilot injection study. Important topics for ongoing research include in situ reaction rates for dissolution of injected CO 2 , carbonate precipitation rates and the resulting rates of change in permeability, competing and augmenting effects of alteration, and site-specific hydrological testing. Only through further scientific investigation of these in situ effects can we confidently determine the viability of deep-sea basalt reservoirs such as the Juan de Fuca plate, which offers a geological option with potentially enormous capacity and highly secure CO 2 storage. Once established with more extensive scientific study, the ensuing technical challenges of building the infrastructure to use this reservoir, such as pipeline transport, subsea maintenance, and post-injection monitoring systems, can be quantified and evaluated, and their costs can be estimated. The critical step toward these goals is to improve our scientific understanding of the in situ processes that will occur after CO 2 injection in deep-sea basalt; the proximity of possible study locations on the Juan de Fuca plate to U.S. ports, potential sources of CO 2 , and previous deep-sea studies make this area a wise choice for a pilot investigation.
